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I.  INTRODUCTION 

Interest  in  the  bend  test  has  gained  considerable  attention  in  recent  years 
because  of  the  greater  use  of  high  strength  materials  with  little  ductility  and 
because  of  the  development  and  exploitation  of  such  brittle  materials  as  ceramics 
and  carbides. 

If  tensile  properties  cf  3 material  are  sought,  it  is  only,  natural  to  think 
of  manufacturing  and  testing  a tension  specimeji  isadc  of  the  material  in  question. 
Because  of  sire  limitations,  however,  even  when  the  material  is  easily  machinable, 
the  task  of  manufacturing  a tension  specimen  sometimes  becomes  .intxjssihle.  On  the 
other  hand,  even  when  sufficient  material  is  available,  the  cost  of  manufacturing 
a tension  specimen  may  become  prohibitive  as,  for  example,  machining  a dumbbell- 
shaped  tension  specimen  made  of  an  extremely  brittle  material  as  those  mentioned 
above.  In  such  cases,  a bend  test  with  its  major  advantage  of  employing  a simple 
specimen  with  a rectangular  cross  section  becomes  a welcome  substitute  provided, 
of  course,  that  such  a test  does  yield  reliable  predicted  tensile  results. 

It  has  been  shown  by  Nadai 1 that  it  is  theoretically  possible  to  apply  a 
bend  test  to  determine  the  tensile  and  compressive  stress-strain  curves  of  a 
material,  and  experimental  verification  of  this  hypothesis  has  been  accomplished 
with  4340  steel  heat  treated  to  \*arious  strength  levels.2 3 4  Results  indicate  that 
close  agreement  exists,  at  least  to  strains  to  1-1/2  to  2%,  between  the  stress- 
strain  curves  predicted  from  the  bend  tests  and  those  determined  from  the  actual 
tension  and  compression  tests. 

In  order  to  include  the  gamut  of  material  variation,  i.e.,  ductile  to  brit- 
tle, bend  specimens  were  designed  and  tested  according  to  Reference  2 and  tension 
specimens  were  designed  and  tested  essentially  according  to  Reference  3.  Suffi- 
cient expressions  have  been  derived  and  presented  from  which  properties  of  ten- 
sion specimens  can  be  predicted  from  bend  test  results.  Predicted  and  actual 
properties  cf  tension  specimens  were  subsequently  obtained  and  compared. 

In  determining  fracture  stresses  of  ceramic  specimens,  recourse  was  made  to 
a statistical  approach,  and  in  this  study  the  Keibull  statistical  theory  of 
fiacture,u  the  most  widely  accepted  theory,  was  chosen.  This  theory  uses  two 
basic  criteria  of  failure:  sice  end  normal  stress.  In  the  Keibull  three- 

parameter  analysis,  fracture  is  predicted  in  terms  of  the  three-material 
parameters:  zero  probability  strength,  flaw  density  exponent,  and  a scale 

parameter.  In  the  Keibull  two-parameter  analysis,  on  the  other  hand,  the  first 
of  these  material  parameters  is  assumed  to  be  zero,  and  fracture  is  predicted 
in  terms  of  the  two  remaining  parameters. 


1.  NADAI.  A.  HiUkity.  McGraw-Hill  Book  Company.  Im\.  New  York.  1931. 

2.  C'AMPO,  ).  L'tiltution  of  the  HroJ  TcU  Jor  Determining  StrruStrtin  (Win  Army  Material*  and  Mechanic*  Retcatch  Center 
Technical  Report.  AMMRC  TR  7113.  July  1971. 

3.  DRISCOLL.  G.  W.t  and  BARATTA,  I-.  I.  MoJifkttnms  to  tn  Axmt  Temkm  Tnler  for  Brittle  Mtteritlt.  Army  Material*  and 
Mechanic c Receatch  Center  Product  Technical  Report.  AMMRC  PTR  71-3.  Auguct  1971. 

4.  KT.IBULL.  W.  A Statiukil  Theory  of  the  Strength  of  Matrrmh,  Inpemotc  Vetcnckapc  Akadamicn  llandlinpar, 
no.  151.  1939. 
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II.  PROBABILITY  OF  FRACTURE 


Three-Parameter  Analysis 


For  a stress  field  in  a homogeneous  isotropic  material  governed  by  volumet- 
ric flaw  distribution,  the  probability  of  fracture  at  a given  stress  o is  given:5 


■ 1 - -R  • 0 =•  Cu 
e 

, a < o 


where 


f t 0-0  V m 

/(-e) 


is  the  risk  of  rupture,  and 

oy  * zero  probability  strength  (strength  below  which  there  is  no  fracture) 
m » h'eibull  modulus  or  flaw  density  exponent 
oq  « scale  parameter. 

The  last  three  values  are  material  parameters  only. 

Two-Parameter  Analysis 

If  it  is  assumed  that  ou  * 0 (and  certainly  there  can  be  no  fracture  at  zero 
stress  level),  then  Equations  (1)  and  (2)  become: 


P-.  « 1 - exp 


[-/(%)■  "]■'-* 


where 


••/(%)■  - 


is  the  modified  risk  of  rupture. 

Application  of  the  two-parameter  analysis  yielded  values  of  material  param- 
eters that  described  the  test  data  very  well  and  the  results  of  this  analysis 
are  herein  reported. 


5.  Wi  ll,  N.  A.,  and  DANII  L,  I.  M.  Anal}  m of  Fracture  ftohaMitui  m Sonumformh  StmtcJ  Brittle  Matvnth.  Journal  «>t  ihc 
Amen-  an  CtramK  Society.  v.  47.  June  l%4.  p.  2fcH-74. 
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III.  MODIFIED  RISK  OF  RUPTURE 


It  should  be  apparent  that  the  value  of  Modified  risk  of  rupture  of  a 
specimen  — in  terms  of  maximum  tensile  stress,  for  example,  within  the  speci- 
men — is  the  result  of  integration  of  Equation  (4)  throughout  the  total  volume. 

In  addition,  if  the  stress  throughout  the  specimen  is  not  constant,  this  integra- 
tion may  become  rather  cumbersome. 

Generally,  however,  a specimen  is  so  designed  that  the  greatest  risk  of 
rupture  occurs  in  the  middle  or  gage  length  section,  and,  therefore,  the  value 
of  modified  risk  of  rupture  determined  by  integrating  throughout  the  volume  of 
the  gage  length  section  will  be  only  negligibly  smaller  than  that  determined  by 
integrating  throughout  the  total  volume. 

Equation  (4)  may  always  be  expressed  as: 


V • KV  (-—) 


(5) 


where 


K * a load  factor  determined  by  carrying  out  portions  or  all  of  the 
integration  indicated  in  Equation  (4),  K * K(m). 

V * volume  of  all  or  gage  length  section  only  of  the  specimen,  as  selected 

a * maximum  stress  (tensile  in  this  study)  in  specimen 
max 

oQ,  m * materia1  parameters. 


Shown  below  are  listed  values  of  R*  for  the  cases  pertinent  to  this  study 
(see  Appendixes  A and  B for  actual  derivations): 

a.  Third-Point  Loading  Bend  Specimen 

1.  Total  volume  considered 


‘total  <» 


6(m+l)2 


2>(if 


(6) 


where  in  Equation  (5)  K is  taken  as 

K * J?  and  subscript  b refers  to  bend  specimen. 
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e * maximum  tensile  stress  in  tension  specimen 

* tensile  stress  in  gage  length  section  of  specimen. 


IV.  WEI6ULL  MO Ot'LUS 

According  to  Reference  6,  the  value  of  ra,  Keibull  modulus  or  flaw  density 
exponent,  may  be  determined  by  use  of  the  expression  listed  below: 


iJ-llaul  . - * ^ fract 

<>§)-  «"  (4)? 


where 


'fract 


* mean  fracture  stress 


■iS 


n=  1 


fract 


* standard  deviation  of  mean  fracture  stress 


fract 


V*t( 


c fract  " °fract 


f * gamma  function 


°fract  * individual  fracture  stress 


fract 


for  a bend  specimen 


L fract 


for  a tension  specimen. 


As  may  be  seen,  the  value  of  m is  determined  from  test  results. 

For  all  bend  and  tension  specimens  in  this  work  the  fracture  stresses  were 
recorded,  and  these  values  are  listed  in  Tables  1 and  2.  Details  of  the  actual 
test  systems,  procedures,  and  methods  of  computation,  are  contained  in  Refer- 
ences 2 and  3. 

6.  LF.NOF,  F..  M.  Army  Materials  and  Mechanic*  Research  Center,  unpublished  research. 
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However,  it  will  he  noted  here  that  fracture  stress  in  bending  is  defined 
as  the  maximum  tensile  stress  in  the  gage  length  section  at  fracture,  and  these 
values  were  determined  from: 


M c 
max 


"b  . 
tract 


where 

M = maximum  bending  moment  at  fracture 
max 

c = 1/2  depth  of  specimen 

I « moment  of  inertia  of  cross  section  of  specimen. 

Fracture  stress  in  the  dumbbell -shaped  tension  specimen  is  also  defined 
as  the  maximum  tensile  stress  in  the  gage  length  section  at  fracture  and  these 
values  were  determined  from: 


r2-r? 

. o rx 

J * K p.  - 

*fract  *fract  rf 


(121 


where 


P. 

x 


k * constant  of  calibration  = 0.97 
* internal  pressure  at  fracture 


fract 


rQ  = outside  (largest)  diameter  of  specimen 
r.  * inside  (smallest)  diameter  of  specimen. 


Finally,  Equation  (10)  W3S  used  to  determine  the  \*alu?s  of  m for  all  bend 
as  well  as  tension  tests,  and  these  values  are  shown  in  Table  3. 


V.  SCALE  PARAMETER 

The  value  of  c , the  scale  parameter,  may  be  determined  as  indicated  by:e 


°fr,ct  fKV> ^ 

'HI 

where  ail  terms  have  already  been  defined. 


(13) 
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a. 


For  the  specimens  involved  in  this  work,  Equation  (13)  becomes: 
Third-Point  Loading  Bend  Specimens 
1.  Total  volumes  considered 

-1 1/m 


a = ■ 
o 


fract 


W tB*3) 


6(m+n2 


r 


K) 


2.  Only  volumes  of  gage  length  sections  considered 
v -|l/ro 


fract 


GL 


2(m+l), 


\1+m 


l) 


b.  Dumbbell -Shaped  Tension  Specimens 

i.  Total  volumes  considered 


tfract  [ 

Ktvt  i 

GLJ 

1/m 

a - 

O p 

K) 

where  values  of  are  those  shown  in  Table  3. 


2.  Only  volumes  of  gage  length  sections  considered 


°o 


>t  (v«  )‘/m 

^fract  \ uL/ 


■ K ) 


(17) 


Values  of  o0,  determined  by  Equations  (14)  and  (15)  for  bend  specimens  and 
by  Equations  (16)  and  (17)  for  tension  specimens,  are  also  listed  in  Table  3. 


VI.  RELATIONSHIPS  BETWEEN  BEND  AND  TENSILE  STRESSES 


The  relationships  between  bend  and  tensile  stresses  depend  upon  the 
expressions  representing  the  values  of  modified  risks  of  rupture.  By  equating 
the  expressions  for  modified  risks  of  rupture  for  either  the  total  or  gage  length 
volumes  the  following  relationships  are  obtained: 


iimm+i 


a.  Total  Volumes  of  Specimens  Considered 

liquating  the  value  of  R'  shown  in  hquation  (6)  to  that  shown  in  liquation  (8) 
leads  to: 


o 


t 


(m+3)  V 

total 

6(m+l)2  K V 

tGL. 


1/m 


(18) 


where  values  of  K again  are  those  shown  in  Table  3. 

b.  Only  Volumes  of  Gage  Length  Sections  Considered 

Equating  the  value  of  R'  shown  in  liquation  (7)  to  that  shown  in  Equation  (9) 
leads  to: 


°t  = °b 


GL 


2(m+l)  V, 


GL  J 


1/m 


(19) 


Note  that  in  both  expressions  the  values  of  oQ  factors  are  out. 


VII.  DISCUSSION  AND  RESULTS 

For  convenience,  the  individual  fracture  stresses  have  been  presented  for 
all  test  specimens,  both  bend  and  tension.  The  bend  test  values  have  been 
presented  in  three  groups  of  8,  17,  and  19,  as  shown  in  Table  1,  and  the  tension 
test  values  in  two  groups  of  6 and  11,  as  shown  in  Table  2.  In  either  type  of 
testing,  the  smaller  number  of  test  results  is  also  included  in  the  larger  number. 

Based  on  these  experimentally  determined  values  of  fracture  stresses  and 
the  expressions  presented  in  the  text,  various  properties  have  been  determined 
and  shown  in  Table  3.  These  properties  include  mean  fracture  stresses,  standard 
deviations,  coefficients  of  variance,  load  factors,  Weibull  moduli,  and  scale 
parameters.  The  Weibull  moduli  and  scale  parameters  were  determined  both  by 
expressions  in  which  consideration  was  given  to  total  volumes  as  well  as  expres- 
sions in  which  consideration  was  given  to  volumes  of  only  gage  length  sections 
of  the  specimens. 

Values  of  mean  fracture  stresses  of  tension  specimens  — both  those  determined 
from  the  actual  tension  tests  as  well  as  those  predicted  from  the  bend  tests  — 
have  been  listed  in  Table  4.  Percentage  discrepancies,  i.e.,  measures  of  dis- 
agreement between  predicted  and  actual  mean  fracture  stresses,  are  also  shown 
in  this  table. 
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Table  1.  BEND  TEST  RESULTS  OF  NORTON  HS-130  GRADE  SIIICON 
NITRIDE  SPECIMENS  TESTED  AT  ROOM  TEMPERATURES 


Fractures  Near  or  Under 
Rollers  Omitted 

Fractures  Under 
Rollers  Omitted 

All  Fractures  Included 

n 

bfract 

(psi) 

n 

'3l 

bfract 

(psi) 

n 

bfract 

(psi) 

i 

74,167 

i 

72,222 

i 

72,222 

2 

82,778 

2 

74,167 

2 

74,167 

3 

95,277 

3 

82,778 

3 

82,778 

4 

95,556 

4 

85,111 

4 

85,111 

5 

97,222 

5 

95,277 

5 

88,889 

6 

100,000 

6 

95,556 

6 

88,889 

7 

101,389 

7 

95,833 

7 

95,277 

8 

106,667 

8 

96,444 

8 

95,556 

9 

97,222 

9 

95,833 

10 

98,889 

10 

96,484 

11 

100,000 

11 

97,222 

12 

100,722 

12 

98,889 

13 

101,389 

13 

100,000 

14 

103,194 

14 

100,722 

15 

106,667 

15 

101,389 

16 

107,611 

16 

103,194 

17 

109,444 

17 

106,667 

18 

107,611 

19 

109,444 

Note:  All  fractures  occurred  in  gage  length  sections  only. 


n * number  of  specimen  when  fracture  stresses  are  listed  in 
ascending  order  of  magnitude. 

b 3 fracture  stress  of  bend  specimen 

fract  = maximum  tensile  stress  (in  outer  fiber  of  gage  length 
section)  of  bend  specimen  at  fracture. 


Table  2.  TENSION  TEST  RESULTS  OF  NORTON  HS-130  GRADE  SILICON 
_ NITPIDE  SPECIMENS  TESTED  AT  ROOM  TEMPERATURE 

All  Fractures 


Fractures  in  Gaae  (Inside  and  Outside 

Length  Sections  Only Gage  Length  Sections ) 


n 

hfract 

(psi) 

n 

1 fract 
(psi) 

i 

62,880 

i 

61.820 

2 

63,030 

2 

62,880 

3 

65,460 

3 

63  ,f'30 

4 

73,540 

4 

63,620 

5 

76,770 

5 

65,390 

6 

78,400 

6 

65,460 

7 

69 ,820 

8 

73,540 

9 

76,770 

10 

78,40 n 

11 

85,410 

Legend 

n 3 number  of  specimen  when  fracture  stresses  are 
listed  in  ascending  order  of  magnitude. 

3 fracture  stress  of  tension  specimen 

3 maximum  tensile  stress  (in  gage  length  section) 
of  tensile  specimen  at  fracture. 
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3.  VALI-i  '■  or  Mi  AN  rPAriUPF  iTRiSSis.  STANDARD  DEVIATIONS,  fOI  me  Or  VARIANCE  , 

WS  Mil'll  MOIHUI,  10AD  EACTCRS,  AND  SCALT  PARAMETERS  FOR  NORTON  US-130  GRADf 
SILICON  NITRIDE  SPfCIMINS  TCSTI  D AT  ROOM  TEMPERATURE . 


Rased  on  Total 


bused  on  Volumes  of 
Only 


Volumes  __  Page  1 ength  Sect|on_ 


Type  of 

Number 

f ract 

fl'dCt 

fl'rtCt 

Kt. 

0 

V 

V 

0 

Test 

of  Tests 

[ ps  i ; 

( PS  1 ) 

( ) 

i" 

1 PS  1 ) 

b 

t 

(psu_ 

Rend 

.« 

94.13.’ 

9,9(1.? 

1 : . r '* 

11  .V’ 

0.0 1644 

1.2319 

61  .1  *7 

0.03994 

1.0 

60,366 

1? 

on. 44 3 

Ill  ,‘.'4? 

1 1 !<is 

10 .94 
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t enend 


fract 

Sr 


mean  fracture  stress 

standard  deviation  of  mean  fracture  stress 


coefficient  of  variance  of  mean  fracture  stress  - 


A-iact  x 100 


See  Equation  (10) 


WeiPull  modulus  or  flaw  parameter 


load  parareter  of  bend  specimen 
m*3  .... 


g-^yr-  wnen  total  volunes  are  considered,  see  Equation  (A19) 

when  v°,u,'<'s  of  only  gage  length  sections  are  considered,  see  Equation  (21) 


= lead  factor  of  tension  specimen 

* values  indicated  in  Equation  (B14)  when  total  volumes  are  considered. 

- 1.0  when  volumes  of  only  gage  length  sections  are  considered,  see  Equation  (Bll) 

1 scale  parameter,  see  Equations  (14)  through  (17) 


Plots  of  modified  risk  of  rupture  of  tension  specimens  versus  maximum 
tensile  stress  are  shown  in  Figure  1,  and  plots  of  probability  of  fracture  of 
tension  specimens  versus  maximum  tensile  stress  are  shown  in  Figures  2 and  3. 
These  figures  offer  a means  of  comparison  of  tensile  properties  predicted  from 
bend  tests  to  those  determined  from  actual  tension  tests.  In  addition,  Figure  1 
shows  the  effects  of  consideration  of  volumes  of  gage  length  sections  in  lieu  of 
total  volumes  of  specimens;  Figure  2 shows  how  well  a fit  exists  between  the 
predicted  and  experimental  probabilities  of  fracture  values,  i.r.,  how  well  the 
predicted  values  fit  the  data;  an'  both  Figures  1 and  3 show  the  effects  of  a 
number  of  tests  on  the  validitv  of  test  data. 


In  Section  III  only  the  expressions  for  determining  values  of  modified  risks 
of  rupture  have  been  listed,  but  the  actual  derivations  of  these  expressions  are 
shown  in  the  appendixes. 


Although  it  was  planned  to  test  20  each  of  both  bend  as  well  as  tension 
specimens,  it  should  be  noted  that  19  bend  but  only  11  tension  test  results  are 
reported,  Tixtreme  difficulty  in  machining  the  tension  specimens  is  the  primary 
cause  for  this  difference.  Some  tension  specimens  broke  during  machining  and 
never  could  be  tested.  Those  that  were  completed  had  machining  lines  in  the 
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Table  4.  VALUES  OF  MEAN  FRACTURE  STRESSES  OF  TENSION  SPECIMENS  DETERMINED  BY 

TENSION  TESTS,  MEAN  FRACTURE  STRESSES  OF  TENSION  SPECIMENS  DETERMINED 
BY  BEND  TESTS,  AND  PERCENTAGE  DISCREPANCIES  FOR  NORTON  MS-130  GRADE 
SILICON  NITRIDE  SPECIMENS  TESTED  AT  ROOM  TEMPERATURE . _ _ 

Volumes  of  Only  Gage 

Length  Total  Volumes 

Sections  Considered  Considered 


Type  of 
Test 

Number 
of  Tests 

tfrdctact 

(psi) 

lfract  . 
prod 

(psi) 

Discrep- 

ancy* 

n 

tfrdctprod 
(psi ) 

Discrep- 

ancy" 

( > 

Tension 

6 

70,013 

11 

69,649 

Bend 

8 

75,287 

7.5 

74 .894 

7.5 

17 

75,765 

8.2 

75.356 

8.2 

19 

75,444 

7.9 

75,144 

7.9 

•Discrepancy  between  predicted  value  and  actual  value  of  70,013  psi. 
'Discrepancy  between  predicted  value  and  actual  value  of  69,649  psi. 


fract 


act 
lfractpred 
Discrepancy 


Legend 

actual  mean  fracture  stress  of  tension  specimens  determined 
from  tension  test  results  (Equation  (12)). 

predicted  mean  fracture  stress  of  tension  specimens  determined 
from  bend  test  results.  (Equation  (18)  when  total  volumes  are 
considered  and  Equation  (19)  when  volumes  of  only  gage  length 
sections  are  considered.) 

. disagreement  between  actual  and  predicted  mean  fracture 
stresses  of  tension  specimens. 


fract 


pred 


fract 


act 


X 100 


fract 


act 


circumferential  direction  and  the  finishes  were  poor.  Some  of  these  were  tested 
and  broke  below  the  expected  tensile  strength.  It  was  theorized  that  the  low 
strength  values  were  due  to  direction  and  degree  of  surface  finish.  Recourse 
was  made  to  machine  lapping  each  of  the  remaining  tension  specimens  to  a 4 rms 
finish  in  the  longitudinal  direction,  the  same  direction,  and  degree  of  surface 
finish  as  any  of  the  lend  specimens.  The  effect  of  this  operation  was  to  increase 
the  tensile  strength  substantially.  The  only  bend  test  result  not  reported  was 
one  in  which  premature  failure  occurred  because  strain  gage  wires  were  inadver- 
tently placed  between  the  specimen  and  one  of  the  steel  rollers  (load  surfaces) 
of  the  test  fixture.  Needless  to  add,  the  cost  of  machining  the  tension  specimens 
was  unusually  high. 

An  important  question  arises  concerning  differences  in  results  obtained  from 
expressions  involving  total  volumes  to  those  involving  volumes  of  only  gage  length 
sections.  The  answer  to  this  question  may  be  observed  from  the  plots  of  modified 
risks  of  rupture  versus  stress  level  based  on  both  types  of  expressions  as  shown 
in  Figure  1.  Since  for  any  stress  level  the  lower  the  value  of  modified  risk  of 
rupture,  the  lower  the  value  of  probability  of  failure  and,  conversely,  the 
greater  the  chances  of  survival;  a plot  of  this  type  is  useful  for  comparison 
purposes.  For  the  results  herein  reported,  it  may  be  seen  that  little  or  no 
differences  exist  between  values  of  modified  risks  of  rupture  determined  from 
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Figure  1.  Modified  risk  of  rupture 
of  tension  specimens  versus  maxi- 
mum tensile  stress  of  Norton  HS- 
130  grade  silicon  nitride  specimens 
tested  at  room  temperature. 


Figure  2.  Probability  of  fracture 
of  tensile  specimens  versus  maxi- 
mum tensile  stress  of  Norton 
HS-130  grade  silicon  nitride 
specimens  tested  at  room 
temperature. 


Figure  3.  Predicted  probability 
of  fracture  of  tension  specimens 
versus  maximum  tensile  stress 
of  Norton  HS-130  grade  silicon 
nitride  specimens  tested  at 
room  temperature. 
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either  set  of  expressions,  i.e.,  those  involving  total  volumes  and  those  involv- 
ing volumes  of  only  gage  length  sections.  Where  the  slight  differences  do  exist 
(bend  test  values  only),  the  results  derived  when  consideration  is  given  to  total 
volumes  are  more  conservative,  i.e.,  at  any  given  stress  level,  the  probability 
of  failure  is  greater.  When  there  is  any  doubt,  therefore,  as  to  whether  or  not 
the  contributions  to  the  value  of  modified  risk  of  rupture  of  a specimen  due  to 
the  omitted  sections'  really  are  negligible,  the  expressions  involving  total 
volumes  should  be  used. 

Another  important  question  arises  concerning  the  number  of  tests  that  should 
be  made  before  valid  data  can  be  expected,  and  this  question  may  be  answered  with 
the  help  of  Figures  1 and  5.  The  spread  between  the  plots  in  either  group  (results 
based  on  both  bend  as  well  as  tension  tests)  indicates  differences  due  to  the 
number  of  tests  selected  while  the  spread  between  groups  of  plots  indicates  dif- 
ferences between  values  predicted  from  bend  tests  and  those  determined  from  ten- 
sion tests,  i.e.,  how  well  the  bend  test  replaces  the  tension  test.  The  latter 
will  be  discussed  shortly. 
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From  Figure  1,  plots  of  modified  risk  of  rupture  versus  maximum  tensile  stress 
within  the  tension  specimen,  it  may  be  seen  that  considerable  spread  does  exist 
when  the  number  of  tension  tests  is  increased  from  6 to  11  and  when  the  number  of 
bend  tests  is  increased  from  8 to  17  or  from  8 to  19.  What  is  more  important  is 
that  considerable  spread  (in  the  reverse  direction  in  this  case)  exists  even  when 
a relatively  high  number  of  tests  is  increased  by  only  2 more,  from  17  to  19. 

These  spreads  are  to  be  expected,  however,  since  R',  modified  risk  of  rupture, 
really  depends  upon  n (see  liquations  (S)_and  (9)  where  Kt  and  oQ  are  both  func- 
tions of  m),  and  m in  turn  depends  upon  c c and  S-  (see  liquation  (10)]. 

fract  "fract 

These  last  two  terms  are  experimentally  determined,  and  it  should  be  obvious  that 
the  smaller  the  number  of  tests  involved  in  determining  these  terms  the  greater 
will  be  the  effect  on  their  values  when  one  or  more  test  results,  either  exces- 
sively high  or  low,  are  added. 

Fortunately,  however,  the  indicated  spreads  in  the  probability  of  fracture 
plots  of  Figure  3 are  not  too  bothersome.  Only  y„  disagreement  exists  when  the 
tension  tests  are  increased  from  6 to  11  or  when  the  bend  tests  are  increased 
from  8 to  17.  liven  less  disagreement  exists  when  the  bend  tests  are  increased 
from  8 to  19  or  from  17  to  19.  The  reason  for  these  close  agreements  is  due  to 
the  insensitivity  of  the  value  of  modified  risk  of  rupture  on  the  value  of  prob- 
ability of  fracture  as  indicated  in  liquation  (5). 

lo  answer  the  question  of  required  number  of  tests  for  valid  data,  the 
greater  the  number  of  tests,  the  more  valid  are  the  results  likely  to  be,  and 
certainly  20  tests  are  not  too  many. 

One  final  question  remains  concerning  substitution  of  the  bend  test  for  the 
tension  test.  As  mentioned  earlier,  the  spreads  between  groups  of  plots  of  Fig- 
ures 1 and  3 are  indications  of  the  answer  tc  this  question.  The  smaller  the 
spread  in  any  one  group  of  plots,  the  closet  the  agreement.  In  addition,  the 
percentage  discrepancies  between  mean  fracture  stresses  predicted  from  bend  tests 
to  those  determined  from  tension  tests,  indict  ted  in  Table  4,  also  bring  out  the 
answer.  It  may  be  seen  from  these  values  that  the  bend  test  may  be  substituted 
for  the  tension  test,  at  least  for  the  specimens  tested,  within  an  accuracy  of 
about  8?0. 
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APPENDIX  A.  DERIVATION  OF  MODIFIED  RISK  OF  RUPTURE 
FOR  THIRD-POINT  LOADING  BEND  TEST  SPECIMENS 

I'eterminat  ion  of  the  value  of  modified  risk  of  rupture  may  be  made  by  carry 
i ng  out  the  integration  indicated  by  liquation  (4)  of  the  text  which  is  repeated 
here : 


Diagrams  indicating  type  of  loading  and  distribution  of  both  moment  and 
stress  will  help  in  carrying  out  the  indicated  integration: 


*4-«-  1/3 


THIRD  POINT  LOADING  BEND  TEST 


M * Pk  6 


M - Px/2  / 


x 


i * 3 -Vi 


MOMENT  DISTRIBUTION 


Mill  pile  Mink 


% = Mh/21 


„ 

v h 


Tension 


Neutral 

"Axis" 


Compression 


STRESS  DISTRIBUTION 


In  the  gage  length  section  (middle  third  of  specimen  in  this  case) 
Px  P £ Pi 

M!r  = n=r 

Mh  Pi  h Phi 
% * 21  ' 6 21  ' 121 

Phi  12  Pi 
~b  = lT~  KP  = BP 

2y  ~b 


and  in  the  end  sections, 

M » (/ 

Mi  Px  h Phx  ,, 

°b  1 2l  ■ r jt  * it  11 

Phx  12  3Px  ,, 

ab  ~ bP  s bP  (; 

2y  3Px  6Pxy  ,, 

cy  sh  bFsbr  ir 

Carrying  out  the  integration  throughout  the  total  volume  of  the  specimen 
leads  to: 


' i/3  h/2  , v m £/3  h/2  , 

1 1 N)  * 


(A10) 


16 


5^5^?^ | 


where  o.  = maximum  tensile  fiber  stress  (in  gage  length  section)  of  specimen 


or 


3P  l_  P£ 
°b  = hP"  3 bP" 


Continuing  with  the  integration  leads  to: 

km  W h/2 


R*  = b 


(■>„  vm  t/3  b/^  1 \m  lIl  h/2 
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and  final lv 
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where 


m+3 

d * 6(m*iV 


And  listing  only  the  first  half  of  the  expression  shown  in  Equation  (A16) 
leads  to  that  portion  contributed  to  the  value  of  R'  from  only  the  gage  length 
section  of  the  specimen: 
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APPENDIX  B.  DERIVATION  OF  MODIFIED  RISK  OF  IUP1URE 
FOR  DUMBBELL-SHAPED  TENSION  TEST  SPECIMENS 

Determination  of  the  modified  risk  of  rupture  of  any  specimen  may  be  made 
by  carrying  out  the  integration  indicated  by  Equation  (4)  of  the  text,  and  again 
this  expression  is  repeated  here: 


'•jfW 


A loading  diagram  and  information  concerning  stress  distribution  that  will 
help  in  carrying  out  the  indicated  integration  are: 
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45°  Section 
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Kith  the  above  information,  the  integration  may  now  be  carried  out  in 
three  parts: 


R'  * 2t, 


1 (^)r>dx*2s/  (£)  r*dx*2’-(  (£)  T' 


dx 


(B8) 

where  the  values  of  cx  and  rx  are  those  listed  in  the  stress  distribution 
information. 
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3.  Contributions  to  R'  by  45°  Sections 
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where  for  the  pertinent  values  of  m the  values  of  are: 


m 

h_ 

10.94 

3.974  x 10- 

11.27 

2.322 

11.29 

2.247 

11.52 

1.547 

13.27 

0.091 
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Contribution  to  R'  from  Total  Specimen 

The  values  of  R',  then,  for  the  total  specimen  is  simply  the  sum  of  the 
values  contributed  by  its  parts,  or 


(B22) 


where  for  the  pertinent  values  of  m the  values  of  Kt  are: 
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